Fluid shear stress generated by blood flow on arterial wall laminar flow released higher amounts of vWF into the cell may play a role in the process of atherosclerosis, not only supernatant within few hours of exposure and vWF secreaffecting the mass transport phenomena that take place in tion was dependent on shear stress magnitude. vWF reblood, but also by modulation of synthesis and secretion leased in extracellular matrix was also higher in cell monoof humoral factors released by vascular endothelium that layers exposed to shear than in static controls. Early events process of thrombus formation has been at least in part clarithat determine platelet-vWF interaction depend on platelet fied. It has been consistently established that von Willebrand glycoprotein (GP) Ib-IX-V receptor complex, whereas subfactor (vWF), a glycoprotein of protomeric subunits circulatsequent events are mediated by GP IIb-IIIa receptor complex ing as multimers of a wide size range (from 0.45 to ú12 suddenly exposed on the surface of activated platelets. million daltons), 2 is a key molecule involved in the acute That changes in fluid shear forces induced by blood flow occlusion of atherosclerotic vessels. Plasma vWF derives in damaged arteries may promote a role for vWF in thrombus primarily from endothelial cells. Largest multimers of the formation is suggested by the observation that high shear molecule are more thrombogenic due to their property of rates, such as those developing in stenotic vessels, are known enhancing platelet adhesion and aggregation. Endothelialto favor vWF-GP Ib interaction with platelet activation and derived vWF mediates endothelial cell adhesion to the vessel subsequent GP IIb-IIIa-dependent platelet spreading and wall in physiologic condition and promotes platelet adhesion aggregation. [12][13][14] to the subendothelium in case of endothelial cell detachNo information exists at the moment on whether local ment.
Fluid shear stress generated by blood flow on arterial wall laminar flow released higher amounts of vWF into the cell may play a role in the process of atherosclerosis, not only supernatant within few hours of exposure and vWF secreaffecting the mass transport phenomena that take place in tion was dependent on shear stress magnitude. vWF reblood, but also by modulation of synthesis and secretion leased in extracellular matrix was also higher in cell monoof humoral factors released by vascular endothelium that layers exposed to shear than in static controls. vWF mRNA mediate platelet-vessel wall interactions. The present study expression in HUVEC was not affected by exposure of cells was designed to investigate whether shear stress, induced to laminar flow, indicating that shear-induced vWF release by laminar flow, modulates von Willebrand factor (vWF) rereflected enhanced secretion without de novo protein synlease from cultured human umbilical vein endothelial cells thesis. Immunofluorescence studies showed that the release (HUVEC) and whether this physical stimulation can affect of vWF is due to exocytosis from Weibel-Palade bodies, the vWF synthesis. Monolayers of HUVEC were exposed to lamistorage organelles of vWF. These data indicate a novel nar flow of varying magnitude (from 2 to 12 dynes/cm 2 
)
mechanism by which local hemodynamic shear forces modusing a cone-and-plate device. The release of vWF in cell ulate endothelial cell function and may play a role in developsupernatant and in extracellular matrix by cells exposed to ment of arterial thrombotic events. flow or maintained in static conditions was evaluated by ᭧ 1997 by The American Society of Hematology. enzyme-linked immunosorbent assay. HUVEC exposed to monolayer, enables vWF release from both sides of the cell, A towards circulating plasma and extracellular matrix. By con-LTHOUGH A CORRELATION between atherosclerosis and thrombus formation was recognized many trast, regulated secretory pathway from Weibel-Palade bodyears ago, 1 cellular and molecular determinants of the comies is predominantly towards basolateral compartment, 9 plex interaction among endothelial cells, circulating cells, where the molecule binds to the matrix and acquires a reand soluble factors have been defined only recently and the markably high affinity for platelet receptors. 10,11 Early events process of thrombus formation has been at least in part clarithat determine platelet-vWF interaction depend on platelet fied. It has been consistently established that von Willebrand glycoprotein (GP) Ib-IX-V receptor complex, whereas subfactor (vWF), a glycoprotein of protomeric subunits circulatsequent events are mediated by GP IIb-IIIa receptor complex ing as multimers of a wide size range (from 0.45 to ú12 suddenly exposed on the surface of activated platelets. million daltons), 2 is a key molecule involved in the acute That changes in fluid shear forces induced by blood flow occlusion of atherosclerotic vessels. Plasma vWF derives in damaged arteries may promote a role for vWF in thrombus primarily from endothelial cells. Largest multimers of the formation is suggested by the observation that high shear molecule are more thrombogenic due to their property of rates, such as those developing in stenotic vessels, are known enhancing platelet adhesion and aggregation. Endothelialto favor vWF-GP Ib interaction with platelet activation and derived vWF mediates endothelial cell adhesion to the vessel subsequent GP IIb-IIIa-dependent platelet spreading and wall in physiologic condition and promotes platelet adhesion aggregation. [12] [13] [14] to the subendothelium in case of endothelial cell detachNo information exists at the moment on whether local ment. [3] [4] [5] Mature vWF protein elaborated by endothelial cells vWF concentrations are modulated by physical stimulation is either secreted through a constitutive pathway or stored in of the endothelium deriving from blood motion. Direct meaWeibel-Palade bodies and released upon stimulation. Potent surements of vWF concentrations are technically impossible, secretagogues include thrombin, fibrin, and histamine. [6] [7] [8] but the possibility exists that shear forces increase local vWF Thrombin, promoting disruption of the endothelial cell concentrations modulating vWF release by vascular endothelial cells. In line with this hypothesis, it has been shown that there is a correlation between vascular resistance in taining human serum was subtracted from vWF concentration meawith 10% newborn calf serum (GIBCO) and 10% human serum, sured in cell supernatants. Results, which were normalized for the 20 mmol/L N-2-hydroxyethylpiperazine-N-2-ethanesulfonic acid number of cells, were expressed as the percentage changes in respect (HEPES; Sigma Chemical, St Louis, MO), 100 U/mL penicillin, 100 to static control. mg/mL streptomycin, 250 ng/mL fungizone, 2 mmol/L glutamine vWF mRNA expression. Total cellular RNA was isolated from (GIBCO), 15 U/mL heparin (Parke-Davis, Milan, Italy), and 50 mg/ HUVEC by the guanidium isothiocyanate/cesium chloride procemL endothelial cell growth factor. Cultures were grown at 37ЊC in dure. 28 Ten micrograms of RNA was then fractionated on 1.2% 5% CO 2 -95% air. Confluent HUVEC were passaged with 0.025% agarose gel with 6% formaldehyde and blotted onto synthetic memtrypsin-0.02% EDTA (GIBCO) and were routinely used between the branes (Gene Screen Plus; New England Nuclear, Boston, MA).
29
first and fifth passage. Cultured cells were identified as endothelial by Gels were stained with ethidium bromide to visualize 28S and 18S their morphology and the presence of vWF antigen, using indirect ribosomal RNA bands. These bands were used to confirm that apimmunofluorescence microscopy. For shear stress experiments, HUproximately equivalent amounts of RNA were loaded in each gel VEC were plated on 145-cm 2 plastic dishes and used 1 day after lane and that there was not obvious degradation of RNA. Plasmid attaining confluence in Medium 199 plus 5% newborn calf serum containing vWF probe was kindly provided by Dr D.C. Lynch and 5% of human serum (test medium).
(Dana-Farber Cancer Institute, Boston, MA). vWF mRNA was deShear exposure experiments. Confluent monolayers of HUVEC tected by using the 1.9-kb fragment of a vWF cDNA. The cDNA were exposed to laminar flow in a cone-and-plate apparatus defragment of vWF was labeled with a 32 P-dCTP using the randomscribed in detail elsewhere. 22, 23 Briefly, the cell culture dishes coated primed method. 30 Membranes were hybridized for 20 hours at 60ЊC by HUVEC were inserted in the apparatus and laminar flow over with 1.5 1 10 6 cpm/labeled probe and the filters were washed as the cell surface was induced using a rotating cone with an angle of previously described. 29 Membranes were subsequently rehybridized 0.5Њ. The apparatus was designed to maintain constant speed of with a GAPDH cDNA 31 to determine an internal standard of total rotation of the cone, temperature (37ЊC), and humidified air with RNA content. vWF mRNA optical density was normalized to that 5% CO 2 . Cone rotation speed was varied to expose endothelial cells of the constituently released GAPDH gene expression. to constant shear stress levels of 2, 8, and 12 dynes/cm 2 
. Shear
Immunofluorescence and confocal microscopy studies. For each stress values were extrapolated from previous measurements and experiment, endothelial cells grown on plastic coverslips were maintheoretical analysis of fluid motion in the cone-plate geometry. [24] [25] [26] tained for 6 hours as follows: static conditions with control medium, Two culture plates were used in each experiment; one plate was static conditions plus 100 U/mL interleukin-1b (IL-1b; Boehringer placed in the flow apparatus and the other was kept in a normal Mannheim, Mannheim, Germany) that is known to induce vWF incubator under static conditions. Culture medium (22 mL) was used release 32 or subjected to flow (8 dynes/cm 2 ). After exposure to shear to completely fill the space between the plate and the cone, and cells or to static conditions, cultured cells on coverslips were fixed in 4% maintained in static conditions were incubated with the same amount paraformaldehyde and permeabilized with Triton X-100 in phosof medium. After 6 and 15 hours of exposure to flow or static phate-buffered solution. vWF was visualized by sequential incubaconditions, HUVEC incubation medium was collected for vWF meation with rabbit anti-vWF antibodies (Dakopatts) at a concentration surement and cells were washed with phosphate-buffered saline and of 2.5 mg/mL and with fluorescein-conjugated swine antirabbit IgG then detached with 0.025% trypsin-0.02% EDTA (GIBCO). Cells (Dakopatts) diluted 1:20. Coverslips were washed, mounted, and were then counted and used for mRNA vWF expression evaluation.
examined under a confocal inverted laser microscope (InSight plus; After HUVEC were removed, the matrix deposited on the plates Meridian Instruments, Inc, Okemos, MI). Argon laser emission filter was solubilized with 2.5 mL enzyme-linked immunosorbent assay at 488 nm was used to excite specimens at that wavelength. A band-(ELISA) washing solution (phosphate-buffered saline, pH 7.4, with pass 530/30 filter was used to suppress the undesirable fluorescent 0.5% Tween 20) for 45 minutes on a rotating platform. The solubibeams other than the green emitted one at 525 nm. Representative lized matrix was collected, and the amount of vWF was measured fields of controls or stimulated HUVEC were digitized with 256 by ELISA. For immunofluorescence studies, cells were grown on gray levels and printed using a film printer (Montage, FR2 film plastic coverslips (Thermanox; Nunc Inc, Naperville, IL) and subrecorder; Presentation Technologies, Sunnyvale, CA). jected to fluid shear stress in a parallel-plate perfusion chamber Statistical analysis. Results are expressed as the mean { SE. as previously described. 27 Culture medium was perfused inside the Statistical analysis was performed using ANOVA and the Tukeychamber using computer controlled syringe pumps. The perfusion Cicchetti test for multiple group comparisons. Statistical significance system was maintained under constant condition of temperature was defined as P õ .05. (37ЊC) and in an atmosphere of 5% CO 2 . Exposure of cell mono-RESULTS layers using both experimental equipments did not induce endothelial cell alignment. This is not in contrast with previous reports because vWF production. Cumulative production of vWF in culcell alignment has been shown to take place only after more than ture media of HUVEC maintained in static conditions or 24 after 6 hours of exposure of HUVEC to shear stress no significant difference was observed in vWF production in the matrix of cells maintained in static conditions or exposed to 12 dynes/cm 2 . At variance, after 15 hours of exposure to shear (12 dynes/cm 2 ) vWF deposition in the cell matrix was importantly increased as compared with control cultures.
To verify that shear exposure did not induce disruption of the cell monolayer, we measured lactate dehydrogenase (LDH) activity in cell supernatants in a separate series of experiments. LDH activity was comparable in supernatants derived from cells maintained in static conditions and from vWF mRNA expression. To test whether enhanced re-VEC monolayer also importantly increases vWF deposition in extracellular matrix. Recent observations from Thoumine lease of vWF was due to a secretion from storage sites or was the result of new protein synthesis, possibly regulated et al 33 have shown that exposure of endothelial cells to laminar flow importantly changes the composition of extracelluby shear, we measured vWF mRNA expression in cells exposed to shear and in corresponding static cultures. Shear lar proteins such as fibronectin, type IV collagen, and laminin. This evidence indicates that shear forces acting on exposure did not enhance vWF mRNA expression. As reported in Fig 4, the expression of vWF mRNA in HUVEC vascular endothelium modulate the final composition of extracellular matrix with important implications for endothelial exposed to flow (8 dynes/cm 2 ) for 3 and 6 hours were comparable with those of cells maintained in static conditions. and smooth muscle cell function. vWF mRNA levels in HUVEC exposed to laminar flow Densitometric analysis (data not shown) failed to detect significant differences between cells exposed to flow and to were comparable with those derived from cells maintained in static conditions. This indicates that the enhancement of static conditions.
Immunofluorescence studies. The results of the immunovWF release induced by shear exposure was not the consequence of de novo protein synthesis but rather was derived fluorescent staining are represented in Fig 5. The cell culture monolayer appeared uniformly stained, without predominant from an enhanced secretion of this protein. Endothelial cells release vWF by two different pathways. One is a constitutive localization in individual cells or groups of cells. In HUVEC maintained in control conditions, the immunofluorescent pathway of synthesis and secretion of vWF that serves to staining was localized throughout the thickness of the cytomaintain physiologic levels in circulating plasma. The other plasm in the Weibel-Palade bodies (see Fig 5-1a and 5 is the exocytosis from Weibel-Palade bodies, the storage 1b), the rod-shaped endothelial cell-specific organelles. In sites of this protein, after endothelial cell stimulation. 3 Our contrast, after exposure to flow (see Fig 5-2a and 5-2b) or results indicate that shear stress causes the release of vWF by incubation with IL-1 b (see Fig 5-3a and 5-3b) , there was exocytosis from Weibel-Palade bodies. Immunofluorescence the appearance of irregular patches typical of extracellular microscopy showed extracellular vWF deposits and the vWF and the depletion in Weibel-Palade bodies. These redepletion of Weibel-Palade bodies from endothelial cells sults suggest that shear stress exposure, like IL-1b, induces exposed to shear stress. Thus, in line with a previous report, release of vWF by exocytosis from Weibel-Palade bodies.
vWF released by exocytosis appears as large irregular patches associated with the external surface of the cells. 34 
DISCUSSION
The explanation for this phenomenon is that the protein released is extremely large, because Weibel-Palade bodies The present results show that vWF release by endothelial contain vWF multimers larger than those circulating in cells, which are the principal source of this protein, is influplasma. Some vWF molecules may be trapped nonspecifienced by fluid shear stress. Our data show that laminar shear cally between adhesion plaques of the cells. The same results stress greater than 8 dynes/cm 2 acting on the cell monolayer were here obtained by cell stimulation with IL-1b. It has for at least 6 hours induces a significant increase in the been shown that also IL-1b induces vWF release without de amount of vWF released in culture media. The increase in novo protein synthesis. 32 It has been suggested that this revWF released from HUVEC into the culture medium is dependent on the level of shear. Shear stress exposure of HUlease derives from granular stores, because evaluation of 
51
Cr release failed to evidence a nonspecific endothelial cell stress, they increase vWF secretion into circulating medium within a few hours and subsequently in the extracellular injury. Our present study confirmed that IL-1b induces depletion of Weibel-Palade bodies in cells treated with ILmatrix. As a general view, these results would suggest that changes in shear forces induce cell adaptation that enhance 1b. Cell morphology was unaltered after IL-1b incubation or shear stress exposure, indicating that vWF release did not vWF secretion. Changes in local hemodynamic conditions may develop in damaged arterial segments as a consequence result from cell lysis.
An essential signaling in the agonist-induced secretory of partial occlusion of vessel lumen by arterial thrombus formation. In these conditions, blood velocity can greatly response is the variation of intracellular ionized calcium concentration. Evidence that exocytosis of Weibel-Palade bodies increase rising wall shear stress. A recent study by Senis et al 40 also indicates that local hemodynamic conditions may in response to histamine, thrombin, and xanthine oxidase 8, 35, 36 is mediated by an increase in intracellular calcium play an important role in vWF distribution along the aortic endothelial layer. These investigators reported that vWF loand that vWF secretion can be induced by calcium ionophore 37 suggest that the increase in ionized calcium concencalization is particularly prominent around the orifices of the intercostal arteries, sites of the vasculature that are charactertration may be both necessary and sufficient to induce vWF release by exocytosis. One of the effects produced by fluid ized by nonuniform distribution of shear stresses.
Other conditions that lead to changes in wall shear stress shear stress on endothelial cells is the capacity to increase the intracellular ionized calcium concentration, 38 also in the are related to changes in blood flow rate. It has been suggested that, under physiologic conditions, vascular wall absence of an agonist, 39 indicating that mechanical transduction is a component of the signaling process.
adapts to changes in blood flow rate in such a way to maintain constant wall shear stress. 41 The vascular wall seems to The present study describes a previously unrecognized modulation of vWF secretion induced by mechanical forces.
react to acute and chronic changes in blood flow with two distinct mechanisms, both mediated by the endothelium. 
